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ABSTRACT
The radii of debris disks and the sizes of their dust grains are important tracers of the planetesimal
formation mechanisms and physical processes operating in these systems. Here we use a representative
sample of 34 debris disks resolved in various Herschel Space Observatorya programs to constrain the
disk radii and the size distribution of their dust. While we modeled disks with both warm and
cold components, and identified warm inner disks around about two-thirds of the stars, we focus our
analysis only on the cold outer disks, i.e. Kuiper-belt analogs. We derive the disk radii from the
resolved images and find a large dispersion for host stars of any spectral class, but no significant
trend with the stellar luminosity. This argues against ice lines as a dominant player in setting the
debris disk sizes, since the ice line location varies with the luminosity of the central star. Fixing
the disk radii to those inferred from the resolved images, we model the spectral energy distribution
to determine the dust temperature and the grain size distribution for each target. While the dust
temperature systematically increases towards earlier spectral types, the ratio of the dust temperature
to the blackbody temperature at the disk radius decreases with the stellar luminosity. This is explained
by a clear trend of typical sizes increasing towards more luminous stars. The typical grain sizes are
compared to the radiation pressure blowout limit sblow that is proportional to the stellar luminosity-
to-mass ratio and thus also increases towards earlier spectral classes. The grain sizes in the disks
of G- to A-stars are inferred to be several times sblow at all stellar luminosities, in agreement with
collisional models of debris disks. The sizes, measured in the units of sblow, appear to decrease with
the luminosity, which may be suggestive of the disk’s stirring level increasing towards earlier-type
stars. The dust opacity index β ranges between zero and two, and the size distribution index q varies
between three and five for all the disks in the sample.
Subject headings: circumstellar matter – infrared: stars – planetary systems: formation – stars: indi-
vidual (GJ 581, HD 9672, HD 10647, HD 10939, HD 13161, HD 14055, HD 17848,
HD 20320, HD 21997, HD 23484, HD 27290, HD 48682, HD 50571, HD 71155, HD
71722, HD 95086, HD 95418, HD 102647, HD 104860, HD 109085, HD 110411, HD
125162, HD 139006, HD 142091, HD 161868, HD 170773, HD 172167, HD 182681,
HD 188228, HD 195627, HD 197481, HD 207129, HD 216956, HD 218396)
a Herschel is an ESA space observatory with science instruments
provided by European-led Principal Investigator consortia and
with important participation from NASA.
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1. INTRODUCTION
Protoplanetary disks are known to exhibit broad,
smooth radial profiles (Williams & Cieza 2011). How-
ever, many of their successors, debris disks, have most
of the material confined to one or more distinct belts
(Matthews et al. 2014b). The evidence comes from
the resolved images of prominent debris disks such
as that of Fomalhaut (Acke et al. 2012; Boley et al.
2012), HD 181327 (Lebreton et al. 2012) or 49 Cet
(Roberge et al. 2013), and from the spectral energy dis-
tributions (SEDs) of unresolved disks that are fitted
reasonably well by assuming one or two narrow dust
rings at distinct locations (e.g. Morales et al. 2009, 2011;
Donaldson et al. 2013; Ballering et al. 2013; Chen et al.
2014).
Observation of debris rings at specific locations around
the star implies that planetesimals were able to form
there by one or another mechanism (Johansen et al.
2014), or that they formed elsewhere and were moved to
their current locations by migration processes or plan-
etary scattering (Raymond et al. 2011). For the rings
to be seen, it is also necessary that those regions are
dynamically stable against planetary perturbations for
a significant fraction of the lifetime of the central star,
and that planetesimal belts retained much of their mass
despite collisional depletion. Furthermore, the plan-
etesimals at these locations have to be sufficiently ex-
cited dynamically (Wyatt 2008), either by neighbor-
ing planets (Mustill & Wyatt 2009) or embedded per-
turbers (Kenyon & Bromley 2008), to make planetesi-
mal collisions destructive and to enable production of
visible debris dust. It is likely that the radii of debris
rings are set by planets that clear up their inner re-
gions (Kennedy & Wyatt 2010) and may also be solely
or partly responsible for triggering the collisional cascade
in the debris zone. Alternatively, the debris zones may
mark the locations at which planetesimals can most effi-
ciently form. Either way, it is indisputable that the radii
of debris disks bear valuable information on planetesi-
mals and planets and their formation processes.
Another important diagnostic of debris disks is the size
distribution of their dust. It reflects an interplay be-
tween grain-grain collisions, radiation pressure, various
transport processes, as well as mechanisms that lead to
modification of dust grains (Wyatt et al. 2011).
An essential theoretical expectation is that in the disks
around solar- or earlier-type stars, the dominant grain
size is smin ≈ bsblow, where sblow is the blowout size,
below which the grains are expelled by direct radiation
pressure, and b is a numerical factor. The latter de-
pends, in particular, on the dynamical excitation of dust-
producing planetesimals in the disk. For collisionally
active disks, collisional simulations suggest b ∼ 2 (e.g.
Krivov et al. 2006; The´bault & Augereau 2007). How-
ever, for dynamically cold disks with planetesimals in
low-eccentricity, low-inclination orbits, b can be much
larger (The´bault & Wu 2008; Krivov et al. 2013). For
instance, Lo¨hne et al. (2012) infer b ≈ 8 for the disk
around HD 207129 (Marshall et al. 2011). Around late-
type stars, radiation pressure may be too weak to elimi-
nate grains at all sizes, so that smin should be set by size-
dependent transport mechanisms such as the Poynting-
Robertson (P-R) force (see, e.g., Kuchner & Stark 2010;
Vitense et al. 2010; Wyatt et al. 2011) or stellar wind
drag (Plavchan et al. 2005; Reidemeister et al. 2011).
Further effects may come from dust interactions with
gas which is present at detectable levels in some
young disks (e.g. Roberge et al. 2006; Moo´r et al. 2011;
Donaldson et al. 2013; Roberge et al. 2013). Altogether,
smin should sensitively depend on the mechanical and
optical properties of dust, the dynamical excitation of
the disk, and the radiation field of the central star and
stellar winds. Therefore, retrieving the dust sizes from
observations and comparing them with model predictions
enables constraints of all these parameters and the disk
physics to be probed.
A difficulty of deducing the disk radii and grain sizes
from observations is that there is a degeneracy between
the particle size, the disk radius, and the optical proper-
ties of dust. Grains are not perfect absorbers and emit-
ters, so that their temperature differs from the black-
body temperature. Smaller grains are usually warmer
than larger ones, and their temperature at a given size
and distance depends on their optical properties. As a
consequence, the same SED can be reproduced equally
well with smaller grains placed farther out from the
star, larger grains closer in, and also with the same-sized
grains of different composition at another distance from
the star.
The degeneracy with the optical properties is hard to
break, but the one between sizes and distance can be
removed if resolved images are available and thus the lo-
cation of the emitting dust is known. The case studies of
individual resolved disks reveal no statistically significant
trend with stellar parameters (Matthews et al. 2014b).
The radii of the cold debris rings range from a few tens
of AU to more than 200AU, without any obvious cor-
relation with stellar age, spectral type, or metallicity.
However, a few small studies done so far convincingly
show that measured sizes of debris disks from resolved
images are systematically larger than those inferred from
SED blackbody analyses. The ratio of the radius mea-
sured from the image to that inferred from the disk tem-
perature assuming blackbody grains, Γ, is greater than
unity. Rodriguez & Zuckerman (2012) report Γ ∼ 1–5
for a handful of thermally resolved disks. Booth et al.
(2013) show compiled Γ-ratios for nine resolved A-type
stars in the Herschel/DEBRIS survey to range between 1
and 2.5. Marshall et al. (2011) and Wyatt et al. (2012)
find Γ ≈ 4 for G-stars HD 207129 and 61 Vir, respec-
tively. Lestrade et al. (2012) determine Γ ≈ 10 for an M-
star GJ 581. These results are consistent with the typical
grain size being on the order of microns, roughly compa-
rable with several times the radiation pressure blowout
limit for commonly assumed dust material compositions
and compact or moderately porous grains.
The number of resolved debris disks has dramati-
cally increased to about 100 over the last few years
(Matthews et al. 2014b)1, thanks particularly to the
large-scale Herschel (Pilbratt et al. 2010) surveys (see
Matthews et al. 2014b, for a review), carried out with the
PACS (Poglitsch et al. 2010) and SPIRE (Griffin et al.
2010) instruments. These surveys also provided accu-
rate photometry across the far-infrared (far-IR) and sub-
1 At the time of this writing, about a half of these have been
published.
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millimeter spanning 60–500 µm and covering the region
of the source SED where dust emission peaks. The re-
solved images along with the densely populated SEDs can
be advantageously used to measure the disk radii and to
better constrain the grain sizes. As said above, the re-
sults could shed more light onto the disks’ physics. Be-
sides, they can then be applied to hundreds of disks that
as yet remain unresolved or marginally resolved, serving
as a “calibrator” for their SED modeling.
This paper tries to constrain both disk radii and typ-
ical grain sizes from observational data for a selection
of well-resolved disks with well-sampled SEDs, for which
Herschel data are available. We extend the study by
Booth et al. (2013) from nine disks around A-type stars
to 34 disks around stars of spectral types from A to M.
Section 2 describes and characterizes our sample. Sec-
tion 3 explains the modeling procedure. The results are
presented in Section 4. Section 5 contains a discussion.
Conclusions are drawn in Section 6.
2. SAMPLE SELECTION AND CHARACTERIZATION
2.1. Selection criteria and resulting sample
We focus on the main, cold component of the systems,
i.e. Kuiper-belt analogs. For selection, we require that
• the target has high signal-to-noise (S/N> 10) Her-
schel fluxes in at least two out of three PACS bands
(70 µm, 100 µm, 160 µm);
• the disk is spatially resolved with PACS in at least
one of these wavebands;
• the system does not reveal peculiarities, such as
a known nearby galaxy contaminating the im-
age (e.g. 61 Vir, Wyatt et al. 2012), substantial
asymmetries in the resolved image (e.g. β Pic,
Golimowski et al. 2006); or centrally peaked disk
(e.g. ǫ Eri, Backman et al. 2009).
The resulting selection of stars is listed in Table 1.
This list ensures a broad coverage of luminosities (ex-
cept for the late-type stars), distances, and ages. We are
aware that our sample is incomplete and may be biased
in one or another way. Yet it is the largest sample of re-
solved disks ever analyzed, which we deem sufficient for
the goals of our paper.
2.2. Stellar parameters and photospheres
For all the stars in our sample, we have collected stellar
data from the literature (Table 2). These stellar param-
eters were used to calculate the synthetic stellar spec-
tra by interpolation in the PHOENIX/GAIA model grid
(Brott & Hauschildt 2005). For two stars with Teff ≥
10000K, ATLAS9 models (Castelli & Kurucz 2004) were
used instead, because the PHOENIX grid does not go be-
yond 10000 K.
We also collected optical and near-IR photometry
to build the SEDs. Johnson BV and Cousins Ic
photometry was taken from the Hipparcos catalogue
(CDS catalogue I/239/hip main), and 2MASS JHKs
from Cutri et al. (2003) (CDS catalogue II/246). The
magnitudes were transformed into fluxes using the
calibrations by Bessell (1979) (BV Ic) and Cohen et al.
(2003) (JHKs). For each star, the synthetic model
Table 1
Our Sample of Resolved Debris Disks
HD HIP Name Program Ref
10647 7978 q1 Eri a 1
23484 17439 - a 2
48682 32480 56 Aur a 3
207129 107649 - a 4
95418 53910 β Uma b 5
102647 57632 β Leo b 5
109085 61174 η Crv b 5
13161 10064 β Tri b 6
14055 10670 γ Tri b 6
20320 15197 ζ Eri b 6
71155 41307 30 Mon b 6
110411 61960 ̺ Vir b 6
125162 69732 λ Boo b 6
139006 76267 α CrB b 6
188228 98495 ǫ Pav b 6
- 74995 GJ 581 b 7
27290 19893 γ Dor b 8
218396 114189 HR 8799 c 9
172167 91262 Vega d 10
197481 102409 AU Mic d 11
216956 113368 Fomalhaut d 12
9672 7345 49 Cet e 13
10939 8241 q2 Eri f 14
17848 13141 ν Hor f 14
21997 16449 HR 1082 f 15
50571 32775 HR 2562 f 14
95086 53524 - f 16
161868 87108 γ Oph f 14
170773 90936 HR 6948 f 14
182681 95619 HR 7380 f 14
195627 101612 ϕ1 Pav f 14
104860 58876 - g 17
142091 77655 κ CrB h 18
71722 41373 HR 3341 i 17
Programs:
[a] DUNES; [b] DEBRIS; [c] OT1 bmatthew 4;
[d] KPGT golofs01 1; [e] GASPS; [f] OT1 pabraham 2;
[g] OT1 gbryden 1; [h] OT1 abonsor 1; [i] OT2 fmorales 3.
References:
[1] Liseau et al. (2010); [2] Ertel et al. (2014); [3] Eiroa et al.
(2013); [4] Marshall et al. (2011); [5] Matthews et al.
(2010); [6] Booth et al. (2013); [7] Lestrade et al. (2012);
[8] Broekhoven-Fiene et al. (2013); [9] Matthews et al. (2014a);
[10] Sibthorpe et al. (2010); [11] Matthews et al. (in prep.);
[12] Acke et al. (2012); [13] Roberge et al. (2013); [14] Moo´r et
al (in prep.); [15] Moo´r et al. (2013b); [16] Moo´r et al. (2013a);
[17] Morales et al. (2013); [18] Bonsor et al. (2013).
photosphere was normalized to that photometry taking
the flux at Ic as a reference, since 2MASS photometry
was found not to have the best quality for a number
of targets. The only exception was GJ 581 where the
normalization was done to the flux at 2MASS Ks.
We did not correct the photospheres for extinction,
since this would have a small effect on mid- and far-
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Table 2
Stellar Parameters Sorted by Stellar Luminosity
HD HIP Name d [pc] SpT L/L⊙ Teff [K] M/M⊙ log(g) [Fe/H] Ref
- 74995 GJ 581 6.2 M5V 0.012 3498 0.31 4.90 0.00 1
197481 102409 AU Mic 9.9 M1Ve 0.062 3600 0.48 4.60 0.00 2
23484 17439 - 16.0 K2V 0.41 5166 0.79 4.44 0.05 3
104860 58876 - 45.5 F8 1.16 5930 1.04 4.39 -0.26 4, 5, 6
207129 107649 - 16.0 G2V 1.25 5912 1.06 4.44 -0.01 3
10647 7978 q1 Eri 17.4 F9V 1.52 6155 1.12 4.48 -0.04 3
48682 32480 56 Aur 16.7 G0V 1.83 6086 1.17 4.35 0.09 3
50571 32775 HR 2562 33.6 F5VFe+0.4 3.17 6490 1.35 4.23 -0.01 4, 5, 6, 7
170773 90936 HR 6948 37.0 F5V 3.44 6590 1.38 4.29 -0.05 4, 5, 6, 8
218396 114189 HR 8799 39.4 A5V 4.81 7380 1.51 4.29 -0.50 4, 6, 8
109085 61174 η Crv 18.2 F2V 4.87 6950 1.52 4.14 -0.08 9
27290 19893 γ Dor 20.5 F1V 6.27 7070 1.62 4.10 -0.13 4, 6, 7
95086 53524 - 90.4 A8III 7.04 7530 1.67 4.29 0.00 4, 6
195627 101612 φ1 Pav 27.8 F0V 7.36 7200 1.69 4.05 -0.12 4, 6, 7
20320 15197 ζ Eri 33.6 kA4hA9mA9Va 10.3 7575 1.85 4.05 0.04 4, 6, 7
21997 16449 HR 1082 71.9 A2IV/V 11.2 8325 1.89 4.30 0.00 4, 6, 10
110411 61960 ̺ Vir 36.3 A0V 11.7 8710 1.91 4.18 -1.10 4, 6, 8
142091 77655 κ CrB 30.5 K1IVa 12.5 4815 1.94 3.12 -0.09 4, 6, 8
102647 57632 β Leo 11.0 A3Va 13.2 8490 1.97 4.26 0.00 4, 6, 8
125162 69732 λ Boo 30.4 A0p 15.4 8550 2.05 4.11 -1.86 4, 6, 8
216956 113368 Fomalhaut 7.7 A4V 15.5 8195 2.06 4.17 0.10 4, 6, 7
17848 13141 ν Hor 50.5 A2V 15.7 8400 2.07 4.20 0.00 4, 6, 10
9672 7345 49 Cet 59.4 A1V 16.0 9000 2.07 4.30 0.10 11
71722 41373 HR 3341 71.7 A0V 18.5 8925 2.16 4.29 0.00 12
182681 95619 HR 7380 69.9 B9V 24.9 10000 2.33 4.30 0.00 4, 6
14055 10670 γ Tri 34.4 A1Vnn 25.0 9350 2.33 4.19 0.00 4, 6
161868 87108 γ Oph 31.5 A0V 26.0 9020 2.36 4.12 -0.81 4, 6, 8
188228 98495 ǫ Pav 32.2 A0Va 26.6 10190 2.37 4.23 -0.04 4, 6, 7
10939 8241 q2 Eri 62.0 A1V 31.3 9200 2.47 4.17 0.00 4, 6, 10
71155 41307 30 Mon 37.5 A0V 35.7 9770 2.56 4.06 -0.44 4, 6, 6
172167 91262 Vega 7.7 A0V 51.8 9530 2.83 3.93 -0.43 4, 6, 8
139006 76267 α CrB 23.0 A0V 57.7 9220 2.91 3.77 0.00 4, 6, 8
95418 53910 β Uma 24.4 A1IVps 58.2 9130 2.91 3.76 0.06 4, 6, 8
13161 10064 β Tri 38.9 A5III 73.8 8010 3.10 3.62 0.20 4, 6, 8
Notes:
The effective temperatures, metallicities and gravities are averaged over the listed literature values.
The stellar masses were computed from the luminosities by means of a standard relation M ∝ L1/3.8.
aGray-Corbally notation. See App. A2 in Trilling et al. (2007) for its explanation.
References:
[1] von Braun et al. (2011); [2] Torres (2010); [3] Eiroa et al. (2013) and references therein; [4] Gray (1992); [5] Holmberg et al. (2009);
[6] Allende Prieto et al. (1999); [7] Gray et al. (2006); [8] Gray et al. (2003); [9] Ducheˆne et al. (2014); [10] Paunzen et al. (2006);
[11] Roberge et al. (2013); [12] Morales et al. (2013).
IR fluxes. Indeed, in the Local Bubble (d < 100 pc),
where all of our targets are located, the extinction in
the optical is AV . 0.1 mag (e.g. Frisch et al. 2011;
Reis et al. 2011), which is comparable to the uncertain-
ties in the measured magnitudes. We take AV = 0.2 mag
as the worst case. At Ic to which our model photospheres
were normalized, assuming a ratio A(Ic)/AV ≈ 0.5 from
Rieke & Lebofsky (1985), the extinction for our targets
should be . 0.1 mag. Thus, without dereddening, we
may be underestimating the true photospheric flux by
. 10%. In the mid-IR where the excess fluxes may be
only slightly above the photospheric flux, this would lead
to overestimating the excess fluxes in the mid-IR by the
same 10 percent. However, this is the maximum possi-
ble uncertainty that is only achieved for stars with the
largest extinction and nearly photospheric mid-IR fluxes.
For most of the stars, the uncertainty is several percent
at most, which is comparable to the measurement uncer-
tainties of the mid-IR fluxes. Specific checks were done
for nine stars observed by the OT1 pabraham 2 program
(see Table 1). These include the two most distant ob-
jects in our sample, HD 95086 (A8 III, d=90.4 pc) and
HD 21997 (A2IV/V, d=71.9 pc). Of these nine stars,
reddening was only found for HD 21997. In this case, we
derived AV ≈ 0.16 mag, A(Ic) = 0.08 mag and, since the
observed 24 µm flux is 2.2 times the photospheric one,
estimated the 24 µm excess flux to be uncertain at 4%.
In the far-IR where the excess fluxes exceed the photo-
spheric fluxes by one to three orders of magnitude, the ef-
fect would be proportionally smaller and thus completely
negligible.
2.3. Photometry
2.3.1. Mid-IR photometry
For SED modeling, fluxes at wavelengths longward
of 10 µm were used. The mid-IR data included
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WISE/12 and /22 (WISE All-Sky Release Catalog,
Wright et al. 2010), AKARI/18 (AKARI All-Sky Cat-
alogue, Ishihara et al. 2010), MIPS/24 measurements
(e.g. Su et al. 2006; Chen et al. 2012), as well as IRS
data (e.g. Spitzer Heritage Archive, Chen et al. 2014,
and the CASSIS archive, Lebouteiller et al. 2011).
For some objects also Gemini/MICHELLE (e.g.
Churcher et al. 2011), MMT/BLINC (Stock et al. 2010),
and Keck/MIRLIN data (Wahhaj et al. 2007) were
used. The resulting photometry table is given in
Appendix A (Table 6). Where available, the mid-
IR fluxes were taken from the papers listed in Ta-
ble 6. Where no flux values were given, we
took them from the catalogues mentioned above, ac-
cessed through Vizier and NASA/IPAC Infrared Science
Archive.
2.3.2. Far-IR and sub-mm photometry
Herschel/PACS and SPIRE fluxes for all targets in the
sample have been derived in the original papers, cited
in Table 1. Since, however, different groups employed
different reductions, we cross-checked those fluxes by our
own analysis, as described below.
In our own analysis, the data were reduced with the
Herschel Interactive Processing Environment (HIPE, Ott
2010), user release 10.0.0 and PACS calibration version
45. Reduction was started from the level 1 data, which
were obtained from the Herschel Science Archive (HSA).
The level 1 (basic calibrated) products were processed
using the standard pipeline script, with a pixel fraction
of 1.0, pixel sizes of 1′′ at 70 and 100 µm and 2′′ at
160 µm. High pass filter widths of 15, 20 and 25 frames
were adopted. A region 20′′ in radius centered on the
expected star location, and other sources with a signal-
to-noise ≥ 5 (as measured by sextractor in the observa-
tion’s level 2 scan from the HSA) were masked from the
high pass filtering process to avoid skewing the back-
ground measurement. Deglitching was performed us-
ing the second level deglitching task, as appropriate for
bright sources. In the cases of targets that were observed
with both 70/160 and 100/160 channel combinations, the
four 160 µm scans were combined to produce the final
mosaic.
The fluxes were measured using an IDL script based
on the APER photometry routine from the IDL astron-
omy library2. In the PACS images, the radius of the flux
aperture varied depending on the extent of the disk, typ-
ically being between 15′′–20′′ in radius. Aperture cor-
rections, as provided in Table 2 of Balog et al. (2013),
were applied. For 15′′ aperture radius these are 0.829 at
70 µm, 0.818 at 100 µm, and 0.729 at 160 µm. For 20′′
aperture radius the correction factors are 0.863, 0.847
and 0.800, respectively. The sky background and r.m.s.
variation were estimated from the mean and standard
deviation of five square apertures with sizes matched to
the same area as the flux aperture at each wavelength
and for each target. The sky apertures were randomly
scattered at distances of 30′′–60′′ from the source peak
(larger for Vega and HR 8799 that have very extended
disks) to avoid the central region where the target disk
lay and to elude any identified background sources in the
image. A correction factor for the correlated noise was
2 idlastro.gsfc.nasa.gov
not used as it is not required if the apertures are suffi-
ciently large (i.e. much bigger than a single native pixel,
which they are in this case — 35′′ sky boxes versus 3.2′′
and 6.4′′ pixels at 100 µm and 160 µm, respectively) and
there are sufficient numbers of them (at least five). See
Eiroa et al. (2013) for details of noise measurement using
multiple apertures. A calibration uncertainty of 5% was
assumed for all three PACS bands. In nearly all cases the
calibration uncertainty dominates the total measured un-
certainty of the target. It is only for the faintest sources
with a PACS 100 µm flux less than ∼ 150 mJy that the
sky noise sometimes makes the larger contribution to the
total uncertainty.
SPIRE fluxes were measured using an aperture with
radius of 22′′ at 250 µm, 30′′ at 350 µm and 42′′ at
500 µm. The sky background and r.m.s. were esti-
mated using a sky annulus between 60′′–90′′centered on
the source position. A calibration uncertainty of 7.5%3
was assumed for the three SPIRE bands.
The results were found to agree reasonably well (within
∼ 10%) with the fluxes reported in the literature. We
have preferred to use the values from literature sources
in the construction of our SEDs, as they represent the
result of detailed individual analysis rather than the more
general, uniform approach taken in our own reduction.
The resulting photometry table and references are given
in Appendix A (Table 7). This table also lists the non-
Herschel far-IR photometry, namely Spitzer/MIPS data
at 70 µm, and sub-mm fluxes from JCMT/SCUBA and
APEX/LABOCA.
2.4. PACS images
Besides the photometry points, the PACS images also
provide direct estimates of the disk radii. This, too, has
been done in the original papers listed in Table 1. How-
ever, the heterogeneity of the procedures used in the lit-
erature to deduce the disk radii is higher than those of the
flux derivation. Even the definition of the “disk radius”
differs from one paper to another. This has motivated
us to obtain our own disk radii estimates with a uniform
procedure for all the sources in the sample. To this end,
we used the same PACS images as for the photometry
analysis (see Sect. 2.3.2).
Note that the PACS observations of different targets
were not all obtained in the same mode. This is poten-
tially important, since the observation parameters affect
the shape of the Point Spread Function (PSF)4, which is
a key measure for determination of the disk radii. For
instance, the Guaranteed Time program maps were uni-
formly deep across the image, whereas all the others (see
Table 1) had lower coverage towards the edges and were
all done in mini scan map mode. However, the scan
speed, which would have the biggest effect on the PSF,
was the same in all programs.
2.5. Extraction of disk radii
The disk radii were derived from the resolved PACS
images as follows. First, we considered a grid of fidu-
cial disks at a distance of d = 20 pc with 11 dust orbital
radii Rcold from 10–210 AU and a dust annulus width of
3 Taken from SPIRE observer’s manual, Sect. 5.2.12
4 See herschel.esac.esa.int/twiki/bin/view/Public/
PacsCalibrationWeb#PACS calibration and performance
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10 AU at two extreme inclinations of 0◦ (face-on) and
90◦ (edge-on). The latter was needed to check by how
much the long-axis extent of the disk image can be af-
fected by the disk orientation if all other parameters are
kept the same. Convolved images were thereafter com-
bined with a Gaussian noise component to examine the
influence of the source S/N on determination of the disk
extent in our grid of models. The magnitude of the noise
covered a range of amplitudes spanning S/N values be-
tween 3–300 for the peak of the source (i.e. the σ of
the noise component was varied between 1/3 to 1/300 of
the source peak brightness). We then produced synthetic
images of these disks at 100 µm, fixing the total ring flux
to a typical value of 0.5 Jy for all disk sizes. The 100 µm
wavelength was considered the most suitable of all three
PACS wavelengths, since it is a reasonable compromise
between having the best angular resolution (which would
be at 70 µm) and getting a possibility to detect the largest
(coldest) grains and thus trace the parent bodies (which
would be at 160 µm). No 100 µm image of Fomalhaut was
taken and we therefore used the 70 µm image in our anal-
ysis. Then, we convolved the ring models with the PSF
for the PACS/100 band from the calibrator star α Boo
and added stellar contributions at different F⋆/Fdust lev-
els from 0 to 10.0.
The resulting source profiles were fitted with 2D Gaus-
sian profiles to find the FWHMs of the convolved syn-
thetic images in the long-axis direction. This resulted in
a grid of fiducial disks that gives the FWHM as a func-
tion of Rcold/d, orientation (face-on or edge-on), S/N,
and F⋆/Fdust.
Second, the 100 µm-resolved observed image of each
disk in our sample was fitted by a Gaussian profile. The
ratio of the long-axis to short-axis FWHM of that profile
was used to roughly judge whether the disk is closer to
edge-on or to face-on. Then, the long-axis FWHM of the
disk from the sample was compared with the long-axis
FWHMs of those fiducial disks in the grid that have the
selected orientation and have the stellar flux to dust flux
ratio closest to the one determined from the SED. The
radius of the grid disk that provides the best match was
then taken as the “true” (physical) disk radius.
Given the relatively low spatial resolution of Herschel,
disks are often unresolved in the minor axis direction.
Indeed, 13 out of 34 disks have minor-axis FWHM<
1.2PSF. The concern is that some disks that are actually
closer to edge-on than face-on could be wrongly desig-
nated as face-on. However, we found the effect of the
orientation to be only minor. The true disk radii re-
trieved from the measured disk extent under face-on and
edge-on assumptions differ by . 5%.
Also, S/N has little effect on the measured extent. At
S/N > 9, which is the case for the 100 µm flux of all our
targets, the measured extent for a given true disk radius
is uncertain at . 2%. Conversely, the uncertainty of the
true disk radius determined from the measured FWHM
was found to be below 1%.
The F⋆/Fdust ratio does not influence the results either,
as long as it is below unity. For values of F⋆/Fdust ≤ 0.1,
which is the case for all targets in our sample, the ad-
dition of a point source scaled to the expected stellar
photosphere flux to the center of the disk model changes
the measured disk radius of the final convolved model
by . 2% compared to a convolved model without a
stellar component included. Combining the . 4% un-
certainty with which the long-axis FWHM at 100 µm is
measured (Kennedy et al. 2012) with the . 5% uncer-
tainty induced by the orientation, the . 1% S/N-related
uncertainty, and the . 2% star-related uncertainty, we
conservatively estimate that the true disk radii are accu-
rate to . 7%.
Some of the disks in our sample have been previously
resolved in scattered light. Although the scattered-light
images trace much smaller grains than the thermal emis-
sion observations do, such small grains should be most
abundant in the parent planetesimal belt. Thus the
scattered-light images, in principle, could be used to re-
trieve the disk radii with a better accuracy than from
the PACS images. However, for the sake of homogeneity,
we decided to use radii from the PACS images in all the
cases.
3. SED FITTING PROCEDURE
3.1. Basics of the fitting
We included in the fitting all available photometry
points from the mid-IR through (sub-)mm where excess
is seen, as described in Sect. 2.3. We modeled the SEDs
with the SEDUCE code (Mu¨ller et al. 2010), comple-
mented with a fitting tool using the “simulated anneal-
ing”algorithm (Press et al. 2002).
Although the focus of this study is on the main,
cold, Kuiper belt-type, component of the disks, an
additional warm component is known or at least
suspected to be present in some systems. That
warm component may contribute to the fluxes, af-
fecting the parameters of the cold one. Accord-
ingly, we perform a two-component fitting, as was
commonly done in previous studies (e.g. Morales et al.
2009, 2011; Lebreton et al. 2012; Donaldson et al. 2013;
Roberge et al. 2013; Ballering et al. 2013; Chen et al.
2014, among others). We assume that all the dust in each
of the two components is confined to a narrow annulus
at a radius Rcold or Rwarm from the star. For the warm
component, this assumption is sufficient, given large un-
certainties of the fluxes and the photospheric subtraction
in the mid-IR. For the cold one, it is justified by the fact
that most of the emitting dust is located in the region
of the underlying planetesimal belt, which is expected to
be relatively narrow (see, e.g., Kennedy & Wyatt 2010).
Potential limitations of this assumption, including cor-
rections to the results arising from a possible finite extent
of the “main” (cold) dust disk, are discussed in Sect. 5.3.
3.2. Modified blackbody method
The warm component is fitted by a pure black-
body. For the cold one, we employ two methods of
the SED fitting, both of which are commonly used. A
simpler one is to use the modified blackbody (MBB,
Backman & Paresce 1993). In this approach, the disk
material is assumed to emit the specific intensity pro-
portional to
Bν(λ, Tdust)×
[
H(λ0 − λ) +H(λ− λ0)(λ/λ0)
−β
]
, (1)
where Bν(λ, Tdust) is the Planck function, H is the Heav-
iside step function equal to unity for non-negative argu-
ments and to zero for negative ones, λ0 is the character-
istic wavelength, and β is the opacity index. The tem-
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perature Tdust in Eq. (1) plays the same role as effective
temperature in the pure blackbody description and thus
can be called modified effective temperature.
The MBB emission law (1) reflects the fact that dust
grains are inefficient emitters at wavelengths much longer
than the grain size and so, s = λ0/(2π) can be considered
as the characteristic grain radius in the disk. Thus in the
MBB method the disk can be thought of as composed
of like-sized grains of size s, which have the absorption
efficiency
Qabs(λ, s) =
{
1, λ ≤ λ0
(λ/λ0)
−β , λ > λ0
, (2)
where λ0 ≡ 2πs.
The particular relation between λ0 and s needs to be
explained. Backman & Paresce (1993) note that λ0 =
2πs and 1/(2π)s for strongly and weakly absorbing ma-
terials, respectively, while λ0 = s for moderately absorb-
ing dielectrics. We adopt λ0 = 2πs, because for micron-
sized and larger grains it matches the best Qabs of the
astrosilicate (see, e.g., Figure 2 in Krivov et al. 2008).
Since astrosilicate is used in another SED fitting method,
described below, this ensures consistency of the results
obtained with the two methods.
Denoting by N the total number of grains of size s in
the disk, the dust specific luminosity is given by
LMBBν =N × 4πs
2
×Qabs(λ, s) × πBν(λ, Tdust(s)). (3)
The flux density measured at Earth is simply FMBBν =
LMBBν /(4πd
2).
The above description of the MBB method is complete,
as long as the disk under study is unresolved and only
an SED is available for analysis. However, in the case
where the disk radius Rcold is known from the resolved
image, one can also calculate the physical temperature of
grains with the radius s = λ0/(2π) at a distance Rcold
from the star. This can be done by solving the thermal
balance equation of grains with absorption efficiency (2)
in the stellar radiation field. A question arises, whether
the physical temperature of these grains is equal to the
modified effective temperature Tdust found from fitting
the SED by Eq. (1). It is generally not, unless this re-
quirement is incorporated in the fitting routine! The
fitting algorithm implemented in SEDUCE makes sure
it is, thus providing a self-consistent solution. This im-
plies that the MBB results obtained here may differ from
those obtained by other authors with the MBB method.
3.3. Size distribution method
Another method is to assume that grains in a disk have
a size distribution (SD). It is commonly approximated by
a power law
N(s) ∝ s−q (s ≥ smin), (4)
where N(s)ds is the number of grains with radii from s
to s + ds, smin is a certain cutoff size, and q is a size
distribution index. The latter is equal to 3.5 for an ideal
infinite collisional cascade with a size-independent criti-
cal fragmentation energy of solids (Dohnanyi 1969) and
is expected to lie approximately in the range 3 . q .
4 under more realistic assumptions (e.g. Krivov et al.
2006; The´bault & Augereau 2007; Lo¨hne et al. 2008;
Wyatt et al. 2011). The dust specific luminosity is now
computed as
LSDν =
∫ smax
smin
N(s)ds× 4πs2
×Qabs(λ, s) × πBν(λ, Tdust(s)), (5)
and the flux density measured at Earth is again F SDν =
LSDν /(4πd
2).
The absorption efficiencyQabs(λ, s) needed to compute
the thermal emission of dust is usually calculated with
the Mie theory, with a set of optical constants as input.
These constants have to be generated with one or another
method which requires, in turn, assumptions about the
material composition and possibly, also porosity of the
dust grains. We assume compact astrosilicate particles
(Draine 2003) with a bulk density ρ = 3.3 g cm−3.
For comparison with the MBB method and with the
other studies, it is reasonable to define the dust tempera-
ture in the SD method, too. This is not straightforward,
since in this case the disk is comprised of dust grains that
all have different sizes and thus different equilibrium tem-
peratures in the stellar radiation field. For instance, one
can define Tdust as the average physical temperature of
different-sized grains weighted by their contribution to
the disk’s total cross section. In this paper, we use an-
other way, simply measuring the wavelength λmax where
the modeled SED peaks and applying the Wien displace-
ment law to define Tdust ≡ 5100K(µm/λmax).
3.4. Fitting parameters
To avoid potential degeneracies and keep the proce-
dure simple and robust, we only include three free, inde-
pendent fitting parameters for the cold component. One
of them is always the amount of dust that determines
the height of the SED. The additional two in the MBB
treatment are λ0 and β, see Eq. (1). In the SD treat-
ment, these are smin and q, see Eq. (4). In this case, the
maximum grain size is fixed to a reasonably large value
smax = 1mm; the influence of this parameter on the
fitting results is negligible. Including the warm compo-
nent introduces two more parameters. One is again the
amount of dust, and another the radius of the warm disk
Rwarm. Altogether there are three free parameters for
the one- and five for the two-component fit. The quality
of the fit is characterized by
χ2red =
1
νfree
·χ2 =
1
νfree
·
Ndata−1∑
i=0
(
F obsi − F
model
i
σobsi
)2
(6)
where νfree = Ndata − Nparameter − 1 is the number of
degrees of freedom. Therefore, the model is underde-
termined if the number of data points is less than five
(one-component fit) or seven (two-component fit). This
was indeed the case for HD 142091 (κ CrB), having only
5 data points and thus allowing only a one-component fit
to be done. However, this fit suggests that the SED of
that object does not exhibit a warm excess (see Table 3),
so that the two-component fitting is not necessary.
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Table 3
Identification of the Warm Component
HD Rsub
MBB SD
Excess
χ2
one
/χ2
two
Rwarm Warm
Excess
χ2
one
/χ2
two
Rwarm Warm
IRS22 WISE22 MIPS24 IRS31 component? IRS22 WISE22 MIPS24 IRS31 component?
[AU] [σ] [σ] [σ] [σ] [AU] [σ] [σ] [σ] [σ] [AU]
GJ 581 0.01 -0.2 0.4 - 0.1 - - N 0.4 0.5 - -0.3 - - N
197481 0.01 - 1.0 6.0 - 7.8 2.3 Y - 0.9 2.5 - - - N
23484 0.03 -0.1 -0.5 0.2 3.2 3.3 4.8 Y 0.1 0.3 1.2 2.8 - - N
104860 0.05 0.9 1.9 1.1 0.4 - - N 0.7 0.8 1.0 0.5 - - N
207129 0.05 2.3 2.1 -1.2 0.7 - - N 3.0 2.7 -1.3 2.9 - - N
10647 0.06 - 9.2 6.7 3.3 4.0 4.8 Y - 8.9 4.7 -1.0 3.6 5.5 Y
48682 0.06 2.6 4.0 -0.1 4.6 1.3 8.9 N 3.3 4.7 -0.5 4.5 1.7 9.0 N
50571 0.08 -0.1 1.3 -0.1 -1.0 - - N -0.6 -0.1 -0.2 -0.2 - - N
170773 0.08 1.3 2.5 1.9 0.8 - - N 1.5 3.0 1.7 2.4 - - N
218396 0.10 12.7 12.0 19.9 10.6 14.7 2.3 Y 13.1 12.4 19.9 13.9 17.7 2.5 Y
109085 0.10 - 7.6 13.6 - 23.4 2.2 Y - 7.7 13.2 - 37.9 2.7 Y
27290 0.11 2.7 3.9 6.3 0.1 5.5 0.1 N 2.8 4.2 6.2 -0.7 4.5 0.1 N
95086 0.12 - 9.3 10.8 2.8 10.1 3.3 Y - 5.6 0.7 -4.8 5.3 6.7 Y
195627 0.12 6.5 7.4 1.6 5.3 8.8 1.1 Y 6.9 7.0 1.2 4.1 8.1 1.3 Y
20320 0.15 3.6 - 4.4 3.3 10.4 2.3 Y 2.7 - 4.7 8.2 45.3 5.2 Y
21997 0.15 - 7.1 12.1 4.9 19.2 9.6 Y - 6.3 9.4 1.0 6.7 8.1 Y
110411 0.16 6.4 - 8.2 0.0 5.0 2.0 Y 6.3 - 7.4 0.6 3.1 1.7 Y
142091 0.16 - -1.8 2.4 - - - N - -1.7 -0.6 - - - N
102647 0.17 8.5 - 11.3 - 42.6 0.7 Y 8.2 - 12.3 - 465.9 4.2 Y
125162 0.18 16.2 - 35.1 18.7 68.4 8.3 Y 15.6 - 30.0 12.6 51.2 9.3 Y
216956* 0.18 2.0 - 3.7 - 1.1 57.5 N 3.2 - 3.8 - 1.6 52.8 N
17848 0.18 6.4 9.4 7.4 6.1 10.2 2.2 Y 5.4 7.3 7.3 6.8 9.9 2.2 Y
9672 0.18 - 6.3 14.3 - 40.2 11.9 Y - 3.1 3.1 - 3.5 13.1 Y
71722 0.20 15.3 12.7 16.9 21.5 29.6 2.5 Y 15.1 12.0 17.4 22.8 30.1 9.5 Y
182681 0.23 - 21.9 - - 30.2 0.5 Y - 25.9 - - 113.0 2.3 Y
14055 0.23 17.1 - 15.6 26.7 47.9 24.3 Y 17.7 - 15.6 27.9 50.0 23.1 Y
161868 0.23 8.7 13.0 6.5 - 9.9 1.6 Y 12.7 17.9 14.7 - 22.1 1.1 Y
188228 0.24 1.8 - 1.0 0.7 - - N -0.6 - -59.9 -1.2 - - N
10939 0.26 5.9 12.2 13.0 9.1 19.1 20.1 Y 6.4 13.0 13.5 11.0 16.8 26.0 Y
71155 0.27 1.2 - -4.4 -6.4 22.1 11.9 Y 9.0 - 18.9 2.4 31.8 12.7 Y
172167* 0.33 - - 10.3 - 1.8 0.1 N - - 12.5 - 2.3 3.9 N
139006 0.35 2.7 - 6.3 7.5 11.0 13.4 Y 3.3 - 5.4 -3.2 4.8 16.3 Y
95418 0.35 -3.1 - 0.2 -1.6 - - N -1.5 - 2.7 -0.1 - - N
13161 0.39 7.6 - 8.7 7.3 13.9 30.2 Y 8.5 - 8.9 8.3 15.9 39.9 Y
Notes:
(1) The “excess” columns give the observed flux minus the cold-component flux minus the stellar photospheric flux, in the units of σ.
(2) The objects without significant mid-IR excesses were not fitted with a two-component model.
For such objects, no χ2one/χ
2
two
and Rwarm values are given.
(*)A more detailed analysis that fully includes the IRS spectra and identification criteria other than ours, shows that these objects very
likely possess a warm component (Lebreton et al. 2013; Su et al. 2013). See also note (4) at Table 6.
The fitting procedure consisted of several steps, the
same for both the MBB and the SD method. At first,
we made a one-component fit to determine the first-guess
parameters of the cold component of the system, using
the far-IR data only. Since mid-IR data can be con-
taminated by a warm component, we discarded them at
this stage. During the second step, the model fluxes of
the cold component fit were compared with the available
mid-IR data. If there was a significant (≥ 3σ) excess at
least in one of the mid-IR bands, we added the mid-IR
data and performed a two-component fit with both mid-
and far-IR photometry to find the first-guess warm com-
ponent. In this fitting, we allowed the amount of cold
dust to vary, but kept the other two parameters of the
cold component unchanged. In the third step, we fitted
the cold component again, this time allowing the amount
of warm dust to vary and keeping the radius of the warm
component fixed. Steps 2 and 3 were repeated several
times until the parameters of both components stopped
to change.
Following Ballering et al. (2013), we used three criteria
to decide whether the object has a warm component or
not. We required that:
(1) a significant (≥ 3σ) excess in any of the IRS/22,
WISE/22, MIPS/24 or IRS/31 bands is present.
(2) The quality of the two-component fit is much better
than that of the one–component fit: χ2one/χ
2
two > 3.
(3) the inferred warm dust is located outside the subli-
mation radius (assuming 1300K as the sublimation
temperature).
The warm component was considered real when all
three criteria were met. If one or more of them were
not satisfied, the two-component fit was discarded, and
we performed a one-component fit with the mid-IR and
far-IR data.
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4. RESULTS
4.1. Systems with one and two components
Table 3 shows that about two-thirds of the systems
(22/34 in the MBB method and 20/34 in the SD one)
reveal the second, warm component. This fraction is in
accord with previous studies (e.g., Chen et al. 2014). No
correlation between the presence of the warm component
and the spectral type of the central star is evident. Both
later- and early-type stars possess one-component disks
in some cases and two-component ones in the others.
Criteria (1) and (2) turn out to be more restrictive than
(3). There are only a few cases where (1) and (2) sug-
gest the presence of a warm component, yet the inferred
radius of the warm dust is smaller than the sublimation
distance. This happens if the warm excess is small, so
that the parameters of a presumed warm component are
very uncertain.
In most of the cases, the results obtained with the two
methods are similar, albeit not identical. The top panels
in Figure 1 show the SEDs of 49 Cet, a typical system
with two components, fitted with both methods. The
middle panels do the same for HD 50571, which is a
typical one-component system. There are a few cases,
however, where one of the methods suggests a warm
component whereas another one does not. An example
is AU Mic. Bottom panels in Figure 1 use AU Mic as
an example and demonstrate that the warm component
may (MBB method) or may not be present (SD method).
This is because the exact shape of the cold-component
SEDs, on top of which we are seeking warm excesses, is
slightly different in these two methods.
A detailed study of the incidence and properties of the
warm component is deferred to a subsequent paper. Here
we concentrate on the properties of the main, cold com-
ponent and thus use the knowledge of the warm com-
ponent to exclude it from the SED, as described above.
The disk radii and the fitting results for the cold compo-
nent obtained both with the MBB and SD methods are
listed in Tables 4–5 and plotted in Figures 2–5. These
are discussed in the following subsections.
4.2. Disk radii
The cold disk radii are plotted in Figure 2. They re-
veal a huge scatter, from ≈ 40AU to ≈ 290AU. At a
first glance, the figure suggests a weak positive correla-
tion with the stellar luminosity. However, the Pearson
correlation coefficient between logRcold and logL is only
r = +0.38. The Spearman rank correlation coefficient
(that does not require linearity and treats possible out-
liers better than Pearson does) is as small as rs = 0.02.
To interpret these coefficients, we can calculate a two-
tailed probability that the correlation is absent. The
correlation is treated as significant if this probability
is less than 1%; for a sample of 34 stars, this requires
r or rs larger than 0.43. Judging by r and especially
by rs, the correlation between logRcold and logL is un-
likely. Also, the best-fit trend line Rcold = a(L/L⊙)
b has
a = 123± 15AU and b = 0.04± 0.04, so that the slope b
is statistically indistinguishable from zero. Furthermore,
the results strongly depend on a few individual stars with
radii far from the trend line. For example, excluding the
two M-stars (which are the two points in the left bottom
corner of Figure 2) would change the best-fit coefficients
to a = 152± 20AU and b = 0.03± 0.05.
The conclusion that Rcold and L appear uncorrelated
is not necessarily in contradiction with a possible weak
trend of disk radius getting larger towards more lumi-
nous stars reported by Eiroa et al. (2013). The reason
is that Eiroa et al. consider the blackbody radius RBB
rather than the true disk radius Rcold. Below we will
see that the ratio of the two, Γ = Rcold/RBB, decreases
with L, which may compensate an increase in RBB to-
wards higher L, leading to an Rcold uncorrelated with
the stellar luminosity.
The above analysis should be treated with caution.
One caveat is related to luminous, F- and especially A-
stars. The more luminous the stars, the more distant
they are on the average. Therefore, their disks often
have a smaller angular size, and thus are less well re-
solved, as illustrated in Figure 3. It shows, for example,
that all disks around stars with L > 10L⊙, except for Fo-
malhaut and Vega, are resolved in less than two beams.
This may explain why the scatter in Rcold is larger for
more luminous stars.
Another caveat is that our narrow-disk (single-radius)
approximation may be rather poor for some disks where
the dust distribution is strongly extended. The finite
disk widths are particularly apparent in the scattered
light images that are most sensitive to the small grains.
For a small sample of large, bright disks, Krist et al.
(2012) find the disk widths at half-maximum brightness
to range from 20% to 60% of the belt radius. Also,
multi-wavelength studies of some of the individual disks,
especially of A-stars such as Vega (Su et al. 2006) and
HR 8799 (Matthews et al. 2014a) reveal huge halos prob-
ably composed of small dust grains in weakly bound
orbits (Matthews et al. 2014b). For instance, the huge
(290AU) radius derived from the HR 8799 PACS image
may not necessarily measure the “peak” radius of the
disk (i.e. the radius of the dust-producing planetesimal
belt).
4.3. Dust temperatures and sizes assuming MBB
The temperature as a function of the luminosity of
the primary stars is plotted in Figure 4a. It shows that
the dust temperature rises from 30–50K for late- and
solar-type stars to 60–100K for the most luminous A-
stars. With the Pearson’s r = 0.71 and the Spear-
man’s rs = 0.82, the trend is very significant. This is
in a good agreement with other Herschel-based studies,
most notably Booth et al. (2013) who find temperatures
in the 70–120K range for their sample of A-stars. Our
results are also roughly consistent with Spitzer results
by Morales et al. (2011), although a trend of tempera-
tures getting warmer towards A-stars was weaker there.
They find median values for their samples of G- and A-
stars to be close to each other — 59K and 62K, respec-
tively. We can also compare the temperatures with the
[24]-[70] color temperatures of 44 A-star disks derived by
Su et al. (2006) (see their Figure 7). For a subsample of
eight A-stars only detected at 70 µm but not at 24 µm,
the upper limits on the temperature vary between 60K
and 120K, with the median value of 79K. Most recently,
Ballering et al. (2013) studied the circumstellar environ-
ment of more than 500 main-sequence stars using Spitzer
IRS/MIPS data. Considering the SEDs of 174 debris
disks, they found a correlation between the temperature
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Figure 1. The SEDs for 49 Cet (top), HD 50571 (middle), and AU Mic (bottom) fitted by the MBB method (left) and the SD method
(right). Symbols with error bars are measured fluxes and their uncertainties. Lines are explained in the legend.
of cold debris component and stellar temperature. Our
Figure 4a is in excellent agreement with their Figure 5.
Figure 4b presents the ratio Tdust/TBB, where TBB ∝
L1/4R
−1/2
cold is the blackbody temperature at a distance
Rcold from the star. If the variation in Tdust seen in Fig-
ure 4a were caused solely by different luminosities of the
central stars and differences in the radii between the in-
dividual disks, the ratio Tdust/TBB would be nearly con-
stant for all the systems. Instead, we see a clear trend of
Tdust/TBB decreasing with the increasing stellar luminos-
ity (r = −0.78, rs = −0.71), in a good agreement with
Booth et al. (2013). An equivalent quantity to Tdust/TBB
is Γ = (Tdust/TBB)
2, which is the ratio of the true disk
radius to the radius it would have if its material were
emitting as blackbody (Booth et al. 2013). To facilitate
comparisons with the results obtained by other authors,
we plot Γ in the second axis of Figure 4b. The trend of
Tdust/TBB or Γ decreasing with L must be indicative of
dust grains getting larger in disks of earlier-type stars,
because bigger grains are colder.
To check this, in Figure 4c we plot the quantity
λ0/(2π), which is a proxy for the typical grain sizes in
the MBB method. Indeed, there is a strong (r = 0.66,
rs = 0.59) trend of the typical size increasing with the
Properties of Herschel-resolved debris disks 11
Table 4
Fitting Results for the MBB Method
HD rcold sblow TBB λ0/(2π) β Td Td/TBB χ
2
red
GJ 581 38 - 15 0.06 ± 0.44 0.74 ± 0.19 35 ± 3 2.31 ± 0.17 1.01
197481 38 - 22 0.02 ± 0.19 0.37 ± 0.08 38 ± 1 1.74 ± 0.05 2.63
23484 91 - 24 0.13 ± 0.42 0.37 ± 0.11 36 ± 3 1.53 ± 0.13 0.86
104860 105 0.39 28 9.24 ± 0.25 0.88 ± 0.07 33 ± 3 1.18 ± 0.11 3.22
207129 148 0.41 24 0.03 ± 0.70 0.53 ± 0.15 46 ± 3 1.90 ± 0.12 4.35
10647 117 0.47 28 0.13 ± 0.22 0.44 ± 0.10 47 ± 4 1.68 ± 0.14 5.02
48682 142 0.54 28 0.11 ± 0.44 0.52 ± 0.11 50 ± 3 1.78 ± 0.11 9.36
50571 138 0.81 31 5.67 ± 0.39 0.95 ± 0.10 40 ± 3 1.27 ± 0.10 1.69
170773 207 0.86 26 5.96 ± 0.56 1.08 ± 0.08 35 ± 1 1.34 ± 0.04 0.55
218396 293 1.11 24 2.64 ± 0.26 0.94 ± 0.08 37 ± 1 1.52 ± 0.04 7.15
109085 145 1.14 35 9.11 ± 0.23 0.26 ± 0.10 36 ± 1 1.03 ± 0.03 3.05
27290 134 1.35 38 3.76 ± 0.30 0.64 ± 0.10 47 ± 2 1.23 ± 0.05 11.18
95086 230 1.47 30 0.02 ± 0.30 0.45 ± 0.08 52 ± 2 1.73 ± 0.07 1.87
195627 175 1.51 34 5.56 ± 0.79 0.97 ± 0.10 43 ± 2 1.26 ± 0.06 2.14
20320 157 1.94 45 2.31 ± 0.75 0.55 ± 0.08 56 ± 2 1.24 ± 0.04 0.96
21997 150 2.06 42 5.73 ± 0.53 0.82 ± 0.08 49 ± 1 1.17 ± 0.02 0.80
110411 111 2.13 50 6.04 ± 0.38 1.22 ± 0.08 60 ± 3 1.19 ± 0.06 6.10
142091 131 2.24 45 0.05 ± 0.40 0.32 ± 0.09 63 ± 4 1.41 ± 0.09 8.47
102647 48 2.33 78 4.62 ± 0.74 1.04 ± 0.10 87 ± 1 1.12 ± 0.01 16.07
125162 112 2.61 56 5.33 ± 0.44 0.69 ± 0.08 63 ± 1 1.12 ± 0.02 4.09
216956 123 2.62 50 16.40 ± 0.18 0.85 ± 0.09 51 ± 2 1.01 ± 0.04 4.39
17848 222 2.65 37 5.05 ± 0.35 0.80 ± 0.08 45 ± 4 1.21 ± 0.11 3.66
9672 172 2.68 43 8.01 ± 0.47 0.97 ± 0.10 49 ± 2 1.16 ± 0.05 0.55
71722 111 2.99 52 3.03 ± 0.35 0.63 ± 0.07 64 ± 1 1.23 ± 0.02 8.63
182681 184 3.72 46 1.27 ± 0.35 0.74 ± 0.09 68 ± 1 1.49 ± 0.02 6.55
14055 165 3.73 51 19.73 ± 1.28 1.14 ± 0.09 51 ± 1 1.01 ± 0.02 3.02
161868 143 3.84 53 3.15 ± 0.33 0.69 ± 0.08 65 ± 1 1.22 ± 0.02 4.34
188228 106 3.90 62 0.73 ± 0.98 0.36 ± 0.12 77 ± 6 1.25 ± 0.10 1.39
10939 180 4.40 49 20.80 ± 0.48 1.22 ± 0.08 50 ± 1 1.03 ± 0.02 3.08
71155 88 4.85 72 8.65 ± 0.39 2.22 ± 0.10 79 ± 15 1.08 ± 0.21 2.17
172167 115 6.38 60 23.22 ± 1.25 1.35 ± 0.09 70 ± 3 1.18 ± 0.05 7.50
139006 61 6.90 98 11.89 ± 1.03 1.80 ± 0.10 101 ± 3 1.03 ± 0.03 1.94
95418 61 6.95 98 11.54 ± 0.93 1.37 ± 0.12 100 ± 4 1.02 ± 0.04 9.48
13161 143 8.28 69 22.60 ± 0.43 1.33 ± 0.11 68 ± 1 0.99 ± 0.01 2.56
Notes:
The disk radii are in AU, the temperatures in K and λ0/(2π), sblow in µm.
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Figure 2. Disk radii versus stellar luminosities. The straight line
is the best linear fit to the log-log data, equivalent to a power law
fit of the form Rcold = a(L/L⊙)
b. The best-fit parameters a and b
together with the Pearson’s r and Spearman’s rs are indicated in
the panel.
stellar luminosity. That size rises from . 1 µm for GKM-
type stars to a few µm or even more for A-type stars.
We expect that the reason for the dust sizes to increase
towards more luminous stars is that so does the radiation
pressure blowout limit. To verify this, we calculate it as
(see, e.g., Burns et al. 1979):
sblow
1 µm
= 0.35Qpr
(
3.3 g cm−3
ρ
)(
L/L⊙
M/M⊙
)
, (7)
where ρ is the grain’s bulk density, L and M are stellar
luminosity and mass, and Qpr is the radiation pressure
efficiency. We adopted ρ = 3.3 g cm−3 and took L and
M from Table 2. Next, we assumed Qpr = 1. As long as
L ≥ L⊙, the error introduced by this assertion is much
smaller than the accuracy of the λ0/(2π) determination.
For instance, the astrosilicate particles with s = sblow
around a 1L⊙ and a 10L⊙ star would have Qpr = 1.4
and Qpr = 1.1, respectively. If L < L⊙, the assumption
Qpr = 1 is no longer valid. One has to consider Qpr
as a function of the grain size and treat the formula (7)
as an equation for sblow. For low-luminosity stars, this
equation will not have a solution, meaning that radiation
pressure is too weak for the blowout limit to exist. For
this reason, we only calculated sblow for stars with L ≥
L⊙.
The result is shown in Figure 4d. We find that λ0/(2π)
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Figure 3. Distance to targets (left) and the observed long-axis FWHM at 100 µm (right) as a function of stellar luminosity. Tilted straight
lines are log-log best fits through the symbols. For Fomalhaut (blue diamond), the FWHM at 70µm instead of 100 µm is shown in the
right panel. Grey-shaded areas correspond to 1.0, 1.4, and 2.0 times the beam size, showing how well the disks have been resolved. Red
squares are marginally resolved systems, i.e. those with FWHM < 1.4PSF.
for nearly all the stars lies in the range from (1...10)sblow,
regardless of the stellar luminosity. Judging by the trend
line, there might be a subtle trend of the λ0/(2π) to sblow
ratio decreasing towards earlier spectral classes (the slope
−0.47). However, the correlation coefficients are as small
as r = +0.06 and rs = −0.03. The Spearman probability
that the ratio of λ0/(2π) to sblow is constant is 87%.
Finally, Figure 4e depicts the MBB index β. As ex-
pected, it lies between 0 and 2, with the majority of
disks best fitted with β between zero and unity. This is
consistent with previous results, based on sub-mm obser-
vations of debris disks (e.g., Williams & Andrews 2006;
Nilsson et al. 2010). There might be a slight trend of
β increasing with the stellar luminosity. However, with
r = 0.46 and r = 0.55, the trend is only of moderate
significance. If it is real, it may be a consequence of
the fact that β is not completely independent of λ0 (see
Appendix B).
4.4. Dust temperatures and sizes assuming SD
We now present the results obtained with the second
method of the SED fitting, which assumed a size distribu-
tion of particles and their particular emitting properties
(here: astrosilicate). Figure 5 is organized in a similar
way as Figure 4, with the only difference that we now
plot smin instead of λ0/(2π) and q instead of β.
The temperature plots, i.e. Tdust and Tdust/TBB,
readily show some quantitative differences to the MBB
method. These are already visible at the level of indi-
vidual stars. For instance, one of the two M-stars in
our sample, GJ 581, reveals a smaller smin than earlier-
type stars, consistent with the general trend. However,
the dust temperature (Tdust in Figure 5a, Tdust/TBB in
Figure 5b) is much lower that one might expect. This
might seem strange, as smaller grains are usually hotter,
not colder, than larger ones. However, this can be easily
explained with absorption properties of the astrosilicate,
whose absorption efficiency in the visible (i.e. where the
stellar light is absorbed) drops drastically at small grain
sizes. As a result, small particles become colder again
(Krivov et al. 2008). For M-stars such as GJ 581, this
happens for grains smaller than a few microns.
Notwithstanding some individual cases, the tempera-
tures derived with the SD method show the same quali-
tative trends as those obtained with the MBB. The dust
temperature grows with luminosity (Figure 5a), the ra-
tio of the dust temperature to the blackbody tempera-
ture decreases (Figure 5b), and the minimum grain size
gets larger towards more luminous stars (Figure 5c).
Judging by the Pearson’s correlation coefficient as in-
dicated in the panels, all of these trends are signifi-
cant. Spearman’s ranking suggests the same, except
that the smin–L correlation has r = 0.42 and is only
moderately significant at a 1% level. However, quanti-
tative differences from the MBB results are not to be
overlooked. The increase of temperature towards larger
L/L⊙ is now weaker, the decrease of Tdust/TBB stronger,
and smin (Figure 5c) increases with L/L⊙ more gently
than λ0/(2π) does. As a consequence, the inferred sizes
are more consistent with smin/sblow decreasing towards
more luminous stars from ∼ 10 for solar-type stars to
nearly unity for A-stars (Figure 5d). Interestingly, this
trend is formally the strongest of all correlations found in
our paper (r = −0.85, rs = −0.86, significance < 10
−8)!
This needs to be explained, and we will return to this in
Sect. 5.
Finally, the slope q lies between 3.3 and 4.5 for nearly
all the stars (Figure 5e), being close to the “canonical”
value 3.5 (Dohnanyi 1969). Like β in the MBB method,
it seems to reveal a trend of q increasing with the stel-
lar luminosity, with a marginal significance (r = 0.43,
rs = 0.28). However, the apparent trend is primarily
caused by three individual stars of subsolar luminosity.
Excluding these would lead to r = 0.28, suggesting that
the trend may not be real. Also, similar to the MBB
method, this might trace back to the shape of the χ2-
isolines discussed in Appendix B.
4.5. MBB versus SD
Why are the results of the MBB and SD methods some-
what different, and which of these are more trustworthy?
The main reason for the differences is that both meth-
ods yield SEDs of different shape, and that shape re-
sponds differently to the variation of fitting parameters.
An SED generated with the MBB method consists of a
Planck curve at λ < λ0 and a steeper Rayleigh-Jeans tail
at λ > λ0, separated by an artificial knee at λ0. Thus the
entire modeled SED can only be narrower than a Planck
curve. In contrast, the SD method assumes a continu-
ous distribution of particle sizes (and thus temperatures)
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Figure 4. Disk parameters obtained with the MBB method, plotted as functions of stellar luminosity: (a) dust temperature, (b) the ratio
of the dust temperature to the blackbody temperature and the ratio Γ of the true disk radius to its blackbody radius, (c) the characteristic
size λ0/(2π), (d) the ratio of λ0/(2π) to the blowout size sblow for stars with L > L⊙, and (e) the opacity index β. Open and filled symbols
stand for one- and two-component disks, respectively. Circles represent well-resolved disks, squares indicate marginally resolved ones. The
blue asterisks are the objects with no (sub)-mm detections. Lines are linear fits to the log-log data. The quantities a, b, r, and rs are as
in Figure 2. The trend lines are solid if a correlation is formally significant (both r and rs are greater than 0.43) and dashed otherwise.
and is able to yield smooth SEDs that are broader than
a single-temperature blackbody curve (Figure 1, bottom
panels). Furthermore, with this method we are at liberty
to vary the dust composition and structure by varying
Qabs(λ, s), which makes the fitting even more flexible.
Altogether, we expect the SD method to be superior to
the MBB one. Nevertheless, we deem it reasonable to
present results obtained with both techniques. This is
because the MBB approximation is simple, transparent,
and may be more appropriate for stars with relatively
sparse SEDs. Next, the MBB results can be directly
compared to those derived by other authors, many of
which employ this technique. Finally, a comparison be-
tween the MBB and SD results allows us to better judge
how significant our findings are. If one or another trend
is evident with both methods, this can be treated as an
additional argument that the trend may be real.
4.6. Origin of scatter
Most of the plots presented above reveal an apprecia-
ble scatter amongst the data points. What is the origin
of this scatter? Some of it may reflect real differences be-
tween individual systems of any spectral class, but much
of it likely comes from uncertainties of numerous param-
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Table 5
Fitting Results for the SD Method
HD rcold sblow TBB smin q Td Td/TBB χ
2
red
GJ 581 38 - 15 1.50 ± 2.32 3.37 ± 0.60 24 ± 11 1.59 ± 0.74 0.78
197481 38 - 22 0.21 ± 2.27 3.33 ± 0.43 42 ± 12 1.93 ± 0.55 5.28
23484 91 - 24 1.46 ± 2.45 3.41 ± 0.45 37 ± 10 1.56 ± 0.42 1.56
104860 105 0.39 28 6.96 ± 2.41 3.83 ± 0.40 44 ± 10 1.58 ± 0.36 2.99
207129 148 0.41 24 4.93 ± 1.67 4.23 ± 0.46 56 ± 16 2.33 ± 0.67 6.19
10647 117 0.47 28 3.92 ± 2.21 3.87 ± 0.37 56 ± 11 2.00 ± 0.39 5.33
48682 142 0.54 27 1.83 ± 2.73 3.70 ± 0.60 65 ± 11 2.42 ± 0.41 4.62
50571 138 0.81 31 5.36 ± 2.75 4.01 ± 0.49 56 ± 13 1.80 ± 0.41 1.85
170773 207 0.86 26 5.04 ± 2.83 4.02 ± 0.46 53 ± 7 1.99 ± 0.26 3.37
218396 293 1.11 24 4.84 ± 2.72 4.01 ± 0.55 51 ± 11 2.11 ± 0.46 6.42
109085 145 1.14 35 7.46 ± 1.81 2.85 ± 0.40 35 ± 17 1.01 ± 0.49 1.80
27290 134 1.35 38 5.02 ± 2.11 3.85 ± 0.31 61 ± 18 1.60 ± 0.48 37.36
95086 230 1.47 30 2.96 ± 3.54 3.83 ± 0.54 61 ± 19 2.03 ± 0.64 1.30
195627 175 1.51 34 4.83 ± 1.90 4.00 ± 0.41 61 ± 7 1.78 ± 0.21 2.24
20320 157 1.94 45 5.38 ± 2.56 3.90 ± 0.59 68 ± 7 1.50 ± 0.15 0.52
21997 150 2.06 42 4.46 ± 1.88 3.88 ± 0.33 65 ± 16 1.57 ± 0.39 1.28
110411 111 2.13 50 3.42 ± 1.91 4.10 ± 0.44 87 ± 21 1.73 ± 0.42 9.21
142091 131 2.24 45 2.42 ± 2.85 3.64 ± 0.43 73 ± 15 1.61 ± 0.33 7.61
102647 48 2.33 78 8.84 ± 2.14 4.24 ± 0.44 72 ± 11 0.92 ± 0.14 1.79
125162 112 2.61 56 3.94 ± 2.11 3.75 ± 0.52 78 ± 8 1.39 ± 0.14 3.95
216956 123 2.62 50 3.88 ± 2.64 3.44 ± 0.39 63 ± 12 1.25 ± 0.24 3.51
17848 222 2.65 37 4.69 ± 2.11 3.88 ± 0.38 62 ± 6 1.66 ± 0.16 3.85
9672 172 2.68 43 3.98 ± 2.02 3.85 ± 0.38 70 ± 16 1.64 ± 0.38 1.08
71722 111 2.99 52 5.11 ± 1.63 3.94 ± 0.61 75 ± 21 1.44 ± 0.40 9.16
182681 184 3.72 46 2.47 ± 1.74 3.95 ± 0.44 90 ± 19 1.97 ± 0.42 2.32
14055 165 3.73 51 6.70 ± 3.18 3.69 ± 0.40 63 ± 19 1.24 ± 0.37 3.07
161868 143 3.84 53 4.81 ± 2.41 3.72 ± 0.36 72 ± 7 1.35 ± 0.13 9.61
188228 106 3.90 62 1.81 ± 3.71 3.34 ± 0.33 79 ± 24 1.28 ± 0.39 1.50
10939 180 4.40 49 8.81 ± 1.90 3.78 ± 0.38 59 ± 5 1.20 ± 0.10 4.00
71155 88 4.85 72 5.14 ± 2.12 5.80 ± 0.41 104 ± 38 1.44 ± 0.52 2.94
172167 115 6.38 60 9.05 ± 1.91 3.67 ± 0.34 68 ± 2 1.14 ± 0.03 9.87
139006 61 6.90 98 6.74 ± 2.50 5.29 ± 0.41 97 ± 44 0.99 ± 0.45 2.35
95418 61 6.95 98 5.18 ± 2.12 4.43 ± 0.33 110 ± 43 1.12 ± 0.44 9.50
13161 143 8.28 71 15.09 ± 2.49 4.47 ± 0.37 59 ± 6 0.82 ± 0.08 3.46
Notes:
The disk radii are in AU, the temperatures in K and sblow and smin in µm.
eters and measurements themselves. These include not
only a random, but also a systematic component. This
makes it difficult to find out, for instance, whether a
somewhat larger scatter at higher luminosities reflects a
higher degree of dissimilarity of debris disks around more
luminous stars or is caused by larger uncertainties asso-
ciated with such stars.
To illustrate this, let us consider A-stars. Modeling
of their disks uncovers three serious problems. The first
one is a poorer accuracy of disk radius determination for
A-stars, as discussed in Sect. 4.1. The second problem
is that in the case of A-stars the dust temperature turns
out to be particularly sensitive to the set of photometry
points used for the fitting (even including or excluding
one single point can matter), and to the fitting method
(MBB versus SD). This is because the IR excesses in
the SEDs of A-stars peak at shorter wavelengths than
those of later-type stars. Often the SED maximum lies
between ∼ 30 µm (where the IRS spectra end) and 60–
70 µm (where the MIPS and PACS data start), i.e. at
wavelengths that have never been probed by any IR in-
struments. The third problem is that smin is also very
sensitive to the dust temperature, especially for A-stars.
This can be understood by looking at Figure 6, where
we plotted the temperature of grains calculated with two
methods. In one case (upper panel), we used the “MBB
grains”, whose absorption efficiency is given by Eq. (2).
In another case (lower panel), we assumed the absorp-
tion efficiency of astrosilicate. For the explanations of
the resulting temperature behavior the reader is referred
to Krivov et al. (2008), where also Qabs(λ) curves for
different-sized grains are plotted. It is seen that for lumi-
nous stars, the grains with radii between several microns
and several tens of microns have temperatures close to
TBB. For astrosilicate grains, Tdust may even be below
TBB. Thus a small change in Tdust for those stars would
imply a large change in smin. Therefore, for A-stars we
are facing three challenges at the same time: it is difficult
to accurately measure the disk radii from the images, it
is difficult to derive Tdust from the Herschel photometry,
and it is difficult then to derive smin from Tdust. This
makes the results of disks of A-stars intrinsically more
uncertain than those for later-type stars.
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Figure 5. Disk parameters obtained with the SD method, plotted as functions of stellar luminosity: (a) dust temperature, (b) the ratio
of the dust temperature to the blackbody temperature and the ratio of the true disk radius to its blackbody radius, (c) minimum size smin,
(d) the ratio of smin and sblow for stars with L > L⊙, and (e) the size distribution index q. The meaning of symbols and fitting lines is
the same as in Figure 4.
5. DISCUSSION
5.1. Disk radii and dust sizes
One thing that we have learned is that the radii of
the resolved debris disks appear uncorrelated with the
luminosity of their host stars, and that there is a large
scatter of radii at any given luminosity. This confirms
that the temperature-dependent processes such as ice
lines do not play the dominant role in setting the debris
disk dimensions (Ballering et al. 2013). However, a con-
clusion that the planetesimal formation is not directly
related to such processes would be premature. This is
because the location of debris disks depends not only
on the location of zones where planetesimals preferen-
tially form, but also on the subsequent complex dynam-
ical and collisional evolution of these planetesimals. It
is thus possible that planetesimal formation mechanisms
are temperature-driven, for instance are largely related
to location of ice lines (e.g. Dodson-Robinson et al. 2009;
Ros & Johansen 2013), but the emerging debris disks are
shaped by processes that are temperature-independent.
The latter may include, for instance, shaping of planetes-
imal populations by planets, stirring by various mecha-
nisms, and long-term collisional depletion.
Next, we have confirmed that the dust temperature
in Kuiper belt-like disks is higher around more lumi-
nous stars, as found previously (e.g. Ballering et al. 2013;
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Figure 6. Equilibrium temperature of dust grains (red lines) and
blackbody temperature (black) against grain size. Top: MBB dust
grains, bottom: astrosilicate particles. Solid lines: L∗ = L⊙,
dashed: L∗ = 10L⊙, dotted: L∗ = 100L⊙.
Booth et al. 2013; Eiroa et al. 2013; Chen et al. 2014).
However, the temperature rise with the stellar luminos-
ity is gentler than the one we could expect if the sizes
of dust grains were the same of all the stars, as first
pointed out by Booth et al. (2013). Instead, the grains
in disks of more luminous stars must be colder, and thus
bigger. We attribute this to direct radiation pressure
that swiftly eliminates all grains with sizes s < sblow,
where the blowout limit sblow is larger at higher stellar
luminosities. We have shown that the ratio of the domi-
nant grain size to the blowout size lies between roughly
one and ten at all luminosities. This confirms theoretical
predictions and provides direct evidence that radiation
pressure does play the leading role in setting the size
distribution of debris disks.
5.2. Dust properties
In Section 4.4, we noted that the SD method uncov-
ered a significant trend of smin/sblow decreasing with L.
A similar trend, albeit at a low significance level, was also
seen in the MBB results. This correlation certainly needs
to be verified in the future studies over larger samples.
However, should this trend be real, it requires explana-
tion.
One possibility is to attribute it to the dust proper-
ties. Our modeling assumed compact, spherical astrosil-
icate particles. However, the reality is expected to be
more complex: e.g. different mixtures of ices, silicates,
and organics, and different packing factors, around stars
of different spectral types. Indeed, detailed models of
individual debris disks often favor more realistic dust
compositions (e.g. Lebreton et al. 2012; Donaldson et al.
2013). This is not any surprise, since the material in de-
bris disks should inherit such a complex chemistry and
morphology from the preceding, protoplanetary phase
(Dutrey et al. 2014). Another piece of evidence for rich
composition of debris material comes from the analysis of
the oldest debris disk systems, namely from the spectra
of debris-polluted white dwarfs (Zuckerman et al. 2003;
Ga¨nsicke et al. 2006; Farihi et al. 2009).
Changing the grain properties (chemical composition
and porosity and thus Qabs, Qpr, and ρ) may change
the results considerably. For instance, if dust grains
are icy, the blowout size changes compared to that of
pure silicate in a non-trivial way (see, e.g., Figure 2 in
Reidemeister et al. 2011). For G-type stars, sblow re-
mains nearly unchanged, but for A-stars, it decreases
considerably. However, the icy grains of a given size at
a given distance from the star are colder than silicate
ones, and so, we may expect that smin derived from the
SED fitting will be smaller. This effect could make the
ratio smin/sblow more uniform than Figure 5d suggests.
However, further modeling, which is outside the scope of
this paper, is required to find out how exactly the ratio
smin/sblow will be affected.
The grains can also be moderately or even very porous.
This, too, would change sblow (see, e.g., Figures 7–8
in Kirchschlager & Wolf 2013). Porosity moderately in-
creases sblow for G-stars. For A-stars, sblow will strongly
increase compared to compact silicate grains. However,
smin will be affected as well, since porous grains have
lower absorption in the visible (see, e.g., Figure 3 in
Kirchschlager & Wolf 2013) and thus a lower tempera-
ture than the compact grains. Modeling is needed here,
too, to describe quantitatively the changes in the ratio
smin/sblow caused by porosity.
5.3. Stirring level
Besides dust properties, the trends of dust sizes around
stars of different luminosities can also be affected by
the following effect. Assume that, for whatever rea-
sons, the disks around early-type stars are more strongly
stirred than those of later-type ones. One can in-
deed expect this, as more luminous stars are more mas-
sive, and may have had more massive protoplanetary
disks (e.g. Williams & Cieza 2011), which may have
been able to build larger stirring planetesimals (e.g.
Kenyon & Bromley 2008; Kobayashi et al. 2011).
If this is true, this will modify the inferred size distri-
bution, shifting the dominant dust size to smaller val-
ues, which are closer to sblow (e.g. The´bault & Wu 2008;
Krivov et al. 2013). This could possibly explain what is
seen in Figure 5d.
What is more, the alleged higher stirring level in disks
of early-type stars should also affect the radial distribu-
tion of material, by making them more extended beyond
the location of their parent belts (e.g. The´bault & Wu
2008; Krivov et al. 2013). Conversely, the disks of later-
type stars may tend to stretch inward from the location
of the birth belts. In fact, this seems to be supported by
observations. Several disks of A-stars are known to have
pronounced halos and rather sharp inner edges (exam-
ples: Vega, Su et al. 2005, Mu¨ller et al. 2010; HR 8799,
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Su et al. 2009, Matthews et al. 2014a), whereas some
disks of late-type stars have sharper outer edges and a
leakage of dust into the cavities (like that of HD 107146,
Ertel et al. 2011, and HD 207129, Lo¨hne et al. 2012).
In that case, the disk radii retrieved from the resolved
images would be overestimated around early-type stars
and/or underestimated around late-type ones. In other
words, the disks of A-type stars may be smaller than
we think, while those around FGKM-type stars may be
larger. To compensate for this, we would need to make
the grains in disks of early-type stars cooler (and thus
larger), and grains in disks of later-type stars warmer
(and thus smaller). Especially for the early-type stars
the effect can be significant, i.e., a slight overestimation
of their disk radii would lead to a strong underestima-
tion of the grain sizes. This is because the temperature
of disks of A-stars is close to the blackbody one, so that a
substantial increase of the grain size is needed to decrease
their temperature only slightly.
5.4. The smallest collisional fragments
All of the previous debris disk models tacitly assumed
that collisions produce fragments of all sizes down to
macromolecular ones, and that the minimum size smin is
set by one or another physical process that swiftly elim-
inates the smallest debris from the system. However,
Krijt & Kama (2014) recently realized that tiny frag-
ments below a certain size may not be even produced.
This is because a fraction of the impact energy available
at any collisional event, η, has to be spent to create sur-
faces of the collisionally produced grains. This provides
a constraint on the minimum possible grain size which
can be calculated as a function of stellar mass and lu-
minosity, disk radius, the fraction η just described, the
surface tension of the disk material γ, and the typical
collisional velocity in the units of the local Keplerian
speed f (Equation 7 in their paper). The constraint is
the strongest (i.e., the minimum size is the largest) for
the least luminous stars, the largest disks, and/or the
disks with the lowest dynamical excitation. Regrettably,
most of these parameters, especially η, γ, and f , are not
or only poorly known. Nevertheless, we made estimates
with the default values assumed by Krijt & Kama (2014)
to find that the minimum fragment size set by the surface
energy constraint can be on the order of ∼ 10sblow for
solar-type stars, decreasing to below sblow for the A-type
ones. This is astonishingly close to our results plotted
in Figure 5d, suggesting this effect as another potential
explanation for the trends of grain sizes deduced in this
work.
6. CONCLUSIONS
In this paper, we considered a sample of 34 selected
debris disks around AFGKM-type stars, trying to find
correlations between the disk parameters and stellar lu-
minosity. Since these disks are well-resolved, we can mea-
sure the disk radii, thus breaking the degeneracy between
the grain size and dust location in the SED modeling.
We employ two different methods of the SED fitting: us-
ing the modified blackbody approximation in which the
typical grain size is given by λ0/(2π), and fitting with
astrosilicate particles having a size distribution, which
gives the cutoff size smin. Our key findings are as fol-
lows:
Disk radii. The disk radii were found to have a large
dispersion for host stars of any spectral class, but no sig-
nificant trend with the stellar luminosity is seen. This
finding does not necessarily speak against suggestions
that formation of planetesimals (including those that
are large enough to build planets by core accretion) is
largely related to location of ice lines. It is still possible
that planetesimal formation is driven by temperature-
dependent processes, but the final dimensions of debris
disks are determined by the subsequent collisional evo-
lution of planetesimal belts or their alteration by plan-
etary perturbers, i.e. by processes that are obviously
temperature-indepenent.
Dust temperature. The dust temperature systemati-
cally increases towards earlier spectral types. However,
the ratio of the dust temperature Tdust to the blackbody
temperature TBB at the disk radius decreases with the
stellar luminosity.
Minimum size of dust grains. The decrease of
Tdust/TBB is explained by an increase of the typical grain
sizes towards more luminous stars. Such a trend is ex-
pected, because radiation pressure exerted on the dust
grains should get stronger towards earlier spectral types,
and we do confirm it with our analysis. From M- to A-
stars, both λ0/(2π) and smin rise roughly from ∼ 0.1 µm
to ∼ 10 µm. Larger grains are colder than smaller ones
and have temperatures closer to TBB. For spectral classes
earlier than K where radiation pressure is strong enough
for the blowout limit sblow to exist, the typical grain size
is found to lie between one and ten times sblow. This
agrees very well with theoretical predictions. The ratio
smin/sblow appears to decrease slightly towards A-stars.
Should the latter be confirmed, it might indicate, for in-
stance, that earlier-type stars have disks that are more
excited dynamically and thus are more active collision-
ally than those of later-type stars.
Size distribution index. The spectral index of the dust
opacity β in the modified blackbody treatment is in the
range of 0.3 to 2.0 for all the disks in the sample, in
accord with previous determinations based on sub-mm
data. The index q of the size distribution varies from 3.3
to 4.6. This is roughly consistent with what is predicted
by detailed models of collisional cascade.
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APPENDIX
A. PHOTOMETRY OF THE SYSTEMS
Table 6 lists the mid-IR photometry data for all the systems in our sample. Table 7 does the same for the far-IR
and sub-millimeter photometry.
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Table 6
Mid-IR Photometry Used in Creating the Target SEDs
Target (HD)
Flux [mJy]
Wavelength 11.56µm 16µm 18µm 22µm 22.09µm 24µm 31µm Note
Instrument b a c a b d a
GJ 581 213 ± 19 108 ± 1 . . . 58.8 ± 1.0 . . . . . . 31.4 ± 1.3 (3)
197481 543 ± 60 . . . 246 ± 36 183 ± 21 . . . 158 ± 3 . . .
23484 314.4 ± 5.2 172 ± 6 . . . 90.3 ± 8.4 90.4 ± 2.0 80.47 ± 5.09 56.6 ± 15.4 (2)
104860 81.1 ± 1.1 44.49 ± 2.93 . . . 24.73 ± 3.53 23.3 ± 1.1 21.54 ± 2.91 13.36 ± 3.10
207129 635 ± 8 371 ± 5 262 ± 31 197 ± 4 196 ± 5 155 ± 3 114 ± 5 (2)
10647 600.2 ± 7.7 . . . 315.3 ± 39.7 . . . 218.1 ± 4.0 184.8 ± 3.8 185.4 ± 7.3
48682 774 ± 11 425 ± 12 458 ± 17 240 ± 5 246 ± 5 193 ± 4 152 ± 4 (2)
50571 303 ± 4 152 ± 4 129 ± 12 82.7 ± 5.0 85.4 ± 1.9 70.4 ± 2.8 48.0 ± 4.0 (2)
170773 262 ± 3 136 ± 5 . . . 78.4 ± 5.7 76.4 ± 2.2 65.3 ± 2.6 54.6 ± 6.0 (2)
218396 258 ± 4 140 ± 2 119 ± 80 91.3 ± 2.3 94.7 ± 2.8 86.6 ± 1.7 68.0 ± 2.3 (2)
109085 1460 ± 70 . . . 820 ± 20 . . . 680 ± 40 590 ± 20 . . . (4)
27290 1269.12 ± 9.35 704.8 ± 12.7 . . . 263.3 ± 8.9 367.76 ± 7.11 315.6 ± 3.2 . . .
95086 62.7 ± 3.0 . . . . . . 46.7 ± 7.3 51.6 ± 3.3 45.6 ± 2.0 96.7 ± 10.0 (1)
195627 761 ± 10 439.6 ± 8.3 325 ± 13 248.5 ± 6.7 237 ± 5 186 ± 7 159.46 ± 4.85
20320 . . . 333.5 ± 6.6 263.5 ± 56.0 186.8 ± 5.0 . . . 162.6 ± 4.2 109.18 ± 2.94
21997 106.6 ± 5.2 . . . . . . . . . 57.2 ± 3.7 55.1 ± 2.2 92.3 ± 10.3 (1)
110411 247.4 ± 7.2 . . . 204.2 ± 18.3 162.8 ± 6.0 . . . 149.7 ± 3.9 . . .
142091 . . . . . . . . . . . . 890.4 ± 13.1 800.1 ± 8.0 . . .
102647 . . . 2989 ± 48 . . . 1724 ± 30 . . . 1647 ± 33 . . .
125162 . . . 442 ± 5 415.7 ± 15.6 310 ± 6 . . . 270.8 ± 2.3 276 ± 6 (2)
216956 . . . 6947 ± 112 5338 ± 81.8 3940 ± 64 . . . 3502 ± 64 . . . (4)
17848 315 ± 4 177.3 ± 3.6 105 ± 10 99.82 ± 2.75 102 ± 2 88.68 ± 2.44 68.26 ± 1.87
9672 211 ± 21 . . . . . . . . . 238 ± 24 259 ± 10 426 ± 1 (1)
71722 141 ± 2 85.67 ± 1.83 . . . 65.16 ± 1.81 63.4 ± 2.1 62.53 ± 1.73 76.70 ± 1.94
182681 180 ± 2 . . . . . . . . . 123 ± 3 . . . . . .
14055 . . . 443 ± 11 372.2 ± 22.1 315 ± 6 . . . 282.66 ± 6.63 317 ± 6 (2)
161868 1160 ± 15 643.6 ± 12.6 . . . 463.3 ± 11.4 474 ± 9 438.5 ± 10.9 . . .
188228 . . . 385 ± 12 296.6 ± 31.0 206.8 ± 7.3 . . . 170.75 ± 0.55 128 ± 14 (2)
10939 322 ± 4 177 ± 4 . . . 116 ± 5 121 ± 3 104 ± 2 114 ± 5 (2)
71155 . . . 455 ± 10 398.4 ± 19.5 337 ± 9 . . . 307 ± 3 296 ± 4 (2)
172167 . . . . . . . . . . . . . . . 8900 ± 89 . . . (4)
139006 . . . 2331 ± 39 1823 ± 38 1375 ± 25 . . . 1261.63 ± 15.46 964.16 ± 7.07
95418 3283 ± 27 1770 ± 42 1546 ± 21 1060 ± 31 1167 ± 25 1026 ± 14 743 ± 26 (2)
13161 . . . 1530 ± 34 1141 ± 31 896 ± 19 . . . 791.5 ± 16.0 669 ± 24 (2)
Notes:
All values and error bars are taken from the literature as they were published. For instance, WISE error bars for different objects may or may not include the calibration uncertainty.
(1) For these stars, more photometry points extracted from the IRS spectra have been published. Although not given in the table, these were included in the SED fitting.
(2) For these stars, we took the IRS spectra from CASSIS (Lebouteiller et al. 2011). The spectra of objects taken in mapping mode were reduced as in Moo´r et al. (2013a,b). For those
observed in low-resolution staring mode we made additional steps (outlier detection, module stitching) as described in Moor et al. (in prep.). In both cases, we then took averages in
the wavelength ranges 15–17, 21–23, and 30-32 microns to extract the photometry points.
(3) This object was observed in high resolution staring mode. Since no CASSIS spectrum is available, we used its Spitzer Science Center IRS Enhanced Product, performed the usual
post-processing steps, and then extracted the photometry points.
(4) For these stars, IRS spectra in different observing modes have been taken (Lebreton et al. 2013; Su et al. 2013; Chen et al. 2014; Ducheˆne et al. 2014). However, the resulting fluxes
are not given in the literature, except for two photometry points for HD 216956. We decided not to reduce the data by ourselves because of the large spatial extent and brightness of
the objects (saturation effects).
Instruments: (a) Spitzer/IRS; (b) WISE; (c) AKARI; (d)Spitzer/MIPS.
References: WISE from Wright et al. (2010); Moo´r et al. (2013a,b); Bonsor et al. (2013); Spitzer/IRS from Moo´r et al. (2013a,b); Roberge et al. (2013); Chen et al. (2014); AKARI
from Ishihara et al. (2010); Spitzer/MIPS from Su et al. (2006); Trilling et al. (2007); Chen et al. (2012); Eiroa et al. (2013); Moo´r et al. (2013a,b); Bonsor et al. (2013).
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Table 7
Far-IR and Sub-mm Photometry Used in Creating the Target SEDs
Target (HD)
Flux [mJy]
Wavelength 70µm 70µm 100µm 160µm 250µm 350µm 450µm 500µm 850µm 870µm
Instrument a b b b c c d c d e
GJ 581 20.0 ± 5.3 18.9 ± 1.4 21.5 ± 1.5 22.2 ± 5.0 < 24.0 < 26.0 . . . < 27.0 . . . . . .
197481 227 ± 27 231.3 ± 16.3 . . . 243 ± 17 134 ± 8 84.4 ± 5.4 85 ± 42 47.6 ± 3.8 14.4 ± 1.8 . . .
23484 99.1 ± 8.4 74.5 ± 3.8 91.3 ± 4.7 91.9 ± 4.9 53.0 ± 10.4 32.2 ± 8.9 . . . < 21.6 . . . . . .
104860 183.1 ± 7.4 . . . 277.0 ± 3.5 243.4 ± 5.2 . . . 50.1 ± 15.0 47.0 ± 14.0 . . . 6.8 ± 1.2 . . .
207129 278.2 ± 21.5 284.0 ± 1.5 311 ± 1 211.0 ± 1.5 113 ± 18 44.3 ± 9.0 . . . 25.9 ± 8.0 . . . 5.1 ± 2.7
10647 863.4 ± 58.7 896.2 ± 26.9 897.1 ± 26.9 635.9 ± 31.8 312.3 ± 25.6 179.9 ± 14.6 . . . 78.4 ± 9.8 . . . 39.4 ± 4.1
48682 262.8 ± 18.3 264.0 ± 4.1 252.3 ± 3.2 182.1 ± 3.8 90 ± 15 25 ± 8 . . . < 24.0 5.5 ± 1.1 . . .
50571 248.8 ± 18.7 223.9 ± 17.4 262.9 ± 19.7 188.5 ± 16.7 71.1 ± 7.3 46.2 ± 7.0 . . . 13.6 ± 7.4 . . . . . .
170773 787.9 ± 56.0 806.7 ± 56.8 1109.9 ± 78.3 875.2 ± 61.5 379.1 ± 21.6 167.8 ± 11.2 . . . 73.9 ± 7.3 . . . 18.0 ± 5.4
218396 610.0 ± 31.0 537 ± 15 687 ± 20 570 ± 50 309 ± 30 163 ± 30 . . . 74 ± 30 10.3 ± 1.8 . . .
109085 198 ± 7 230 ± 13 252 ± 16 231 ± 13 . . . . . . 58 ± 10 . . . 15.5 ± 1.4 . . .
27290 170.7 ± 8.1 171.0 ± 8.7 148.4 ± 7.7 134.3 ± 14.1 52.5 ± 6.5 23.5 ± 8.0 . . . < 16.7 . . . . . .
95086 654.6 ± 44.4 690.1 ± 48.6 675.1 ± 47.6 462.4 ± 32.7 213.4 ± 12.9 120.3 ± 8.7 . . . 63.6 ± 10.2 . . . 41.3 ± 18.4
195627 609.0 ± 60.9 630.0 ± 44.5 607.9 ± 43.5 405.4 ± 29.3 145.9 ± 14.1 70.9 ± 7.7 . . . 34.1 ± 7.5 . . . 13.0 ± 7.0
20320 103.0 ± 8.0 93.9 ± 5.8 84.1 ± 5.9 42.1 ± 0.8 . . . . . . . . . . . . . . . . . .
21997 663.7 ± 46.0 697.6 ± 49.2 665.4 ± 47.5 410.8 ± 30.0 151.4 ± 11.0 66.7 ± 9.5 . . . 33.1 ± 9.4 8.3 ± 2.3 . . .
110411 248.0 ± 2.2 230.1 ± 4.3 154.2 ± 7.0 67.3 ± 7.0 37.9 ± 0.8 22.7 ± 0.5 . . . 20.3 ± 0.4 . . . . . .
142091 426.2 ± 22.3 . . . 335.0 ± 16.0 192.0 ± 10.0 . . . . . . . . . . . . . . . . . .
102647 743.0 ± 52.0 . . . 480.0 ± 30.0 215.0 ± 32.0 51.0 ± 12.0 < 39.0 < 50.0 < 15.0 < 6.0 . . .
125162 364.7 ± 3.9 345.3 ± 17.3 272.1 ± 15.4 142.4 ± 12.1 50.7 ± 5.1 21.3 ± 5.3 . . . 4.2 ± 4.9 . . . . . .
216956 9057.1 ± 736.4 10800 ± 900 . . . 6200 ± 600 2700 ± 300 1100 ± 100 595 ± 35 500 ± 50 97 ± 5 . . .
17848 . . . 213.8 ± 17.1 210.8 ± 18.1 138.5 ± 11.4 50.9 ± 5.9 28.8 ± 6.4 . . . 6.8 ± 10.1 . . . . . .
9672 . . . 2142.0 ± 58.0 . . . 1004.0 ± 53.0 372.0 ± 27.0 180.0 ± 14.0 . . . 86.0 ± 9.0 8.2 ± 1.9 . . .
71722 155 ± 4 . . . 120.5 ± 4.1 46.9 ± 8.7 . . . . . . . . . . . . . . . . . .
182681 . . . 607.8 ± 42.8 463.2 ± 33.3 243.0 ± 18.2 84.3 ± 7.2 30.1 ± 5.4 . . . 8.2 ± 7.3 . . . . . .
14055 787.8 ± 157.6 777.6 ± 38.8 718.8 ± 35.5 444.3 ± 10.4 186.6 ± 13.6 78.1 ± 7.2 . . . 21.8 ± 5.1 5.5 ± 1.8 . . .
161868 1085.2 ± 217.0 1219.4 ± 85.5 1044.5 ± 73.4 587.8 ± 44.4 177.9 ± 12.8 98.3 ± 10.1 . . . 57.0 ± 11.6 . . . 12.8 ± 5.2
188228 69.0 ± 6.1 63.1 ± 4.8 41.9 ± 4.6 23.6 ± 3.2 5.0 ± 3.9 0.7 ± 4.8 . . . 0.0 ± 4.7 . . . . . .
10939 384.6 ± 16.5 396.3 ± 28.3 403.7 ± 28.8 277.9 ± 20.7 94.9 ± 7.7 43.5 ± 7.0 . . . 4.0 ± 6.7 . . . . . .
71155 211.7 ± 2.8 206.2 ± 10.5 86.5 ± 5.9 25.5 ± 0.7 7.0 ± 3.4 4.2 ± 4.5 . . . < 13.8 . . . . . .
172167 11416.1 ± 2283.2 10120 ± 1180 . . . 4610 ± 900 1680 ± 260 610 ± 100 . . . 210 ± 40 45.7 ± 5.4 . . .
139006 542.0 ± 80.7 515.0 ± 25.2 235.1 ± 12.6 67.6 ± 2.4 . . . . . . . . . . . . . . . . . .
95418 421.13 ± 84.23 393.0 ± 19.4 189.2 ± 9.6 58.3 ± 10.5 18.3 ± 3.9 14.1 ± 4.3 . . . 9.1 ± 4.7 . . . . . .
13161 643.0 ± 51.0 641.2 ± 31.5 481.1 ± 23.4 263.6 ± 0.3 87.1 ± 7.3 34.6 ± 5.6 . . . 5.1 ± 4.9 . . . . . .
Notes:
All values and error bars are taken from the literature as they were published. This explains, for instance, why non-detections are sometimes given as measured values (4.2± 4.9) and
sometimes as upper limits (< 15.0).
Instruments:
(a) Spitzer/MIPS; (b) Herschel/PACS; (c) Herschel/SPIRE; (d) JCMT/SCUBA; (e) APEX/LABOCA.
References:
Spitzer/MIPS from Su et al. (2006); Trilling et al. (2007); Eiroa et al. (2013); Moo´r et al. (2013a,b); Bonsor et al. (2013);
Herschel/PACS and /SPIRE see Table 1;
JCMT/SCUBA from Sheret et al. (2004); Najita & Williams (2005); Williams & Andrews (2006);
APEX/LABOCA from Nilsson et al. (2010); Liseau et al. (2008).
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Figure 7. The χ2-maps for HD 50571 (left), HD 195627 (middle), and Fomalhaut (right) in the MBB (top) and SD (bottom) method.
The lines show the n · χ2
red
isolines for n = 1 (small circle), n = 2 (yellow line), n = 3 (red line), n = 4 (blue line) and n = 5 (black line),
where χ2
red
is the best-fit value.
Figure 7 presents typical χ2-maps for three stars with different luminosities, obtained with both fitting methods.
The contours of equal χ2 are elongated from the bottom left to the top right, which is easy to understand. Indeed,
when λ0 (or smin) is larger than the best-fit value, the fitting routine tries to compensate it by taking a steeper size
distribution, with a larger β (or q). Not only the bottom left – top right orientation, but also the shape of the isolines
can be better understood with the following arguments. We take the SD method as an example. Assuming that the
emission of the different-sized grains is proportional to their cross section (which is only a rough approximation to
reality, of course), we can define the “effective” grain size, s0. The effective grain size is the one in which we replace
the grains with a size distribution (4) with the same number of equal-sized grains of radius s0, requiring that the latter
have the same total cross section. This gives
∞∫
smin
s2−qds = s20
∞∫
smin
s−qds. (B1)
For q > 3, this results in
s0 ≈ smin
√
(q − 1)/(q − 3), (B2)
so that, for instance, q = 3.5 corresponds to s0 ≈ 2.2smin. We can expect that different pairs (smin, q) with the same
s0 should lead to SEDs that reproduce the observed one equally well. In other words, the isolines of χ
2 should roughly
follow the equation
smin
√
(q − 1)/(q − 3) = const. (B3)
The shape of the q(smin) curve determined by Eq. (B3) is exactly the one that is seen in Figure 7. In particular, q
rises more steeply at larger smin (a banana shape best seen in yellow- and red-filled regions corresponding to moderate
χ2 values). We can also explain why the tilt of the isolines to the x-axis gets smaller for stars of higher luminosities
(i.e. from the left to the right panels of Figure 7). This is because s0 is larger around those stars, so that at the same
smin the derivative dq/dsmin is smaller.
